ERG gene encodes for an Ets family regulatory transcription factor and is involved in recurrent chromosomal translocations found in a subset of acute myeloid leukemias, prostate carcinomas and Ewing sarcomas. The purpose of this study was to examine the utility of an ERG antibody to detect EWSR1-ERG rearranged Ewing sarcomas. A formalin-fixed paraffin-embedded tissue microarray and whole-tissue sections from 32 genetically characterized Ewing sarcomas were examined: 22 with EWSR1-FLI1, 8 with EWSR1-ERG and 2 with EWSR1-NFATC2. Immunohistochemistry was performed using a rabbit anti-ERG monoclonal antibody directed against the C-terminus of the protein and a mouse anti-FLI1 monoclonal antibody against a FLI1 Ets domain (C-terminus) fusion protein. Immunoreactivity was graded for extent and intensity of positive tumor cell nuclei. ERG labeling was seen in 7/8 EWSR1-ERG cases (predominantly diffuse (5 þ ), moderate to strong), while only 3/24 non-EWR1-ERG cases showed labeling (very weak). FLI1 labeling was observed in 29/31 cases regardless of fusion variant; 23 displayed diffuse (5 þ ) strong/moderate labeling (5/7 EWSR1-ERG, 18/22 EWSR1-FLI1). Both EWSR1-NFATC2 cases had weak reactivity with FLI1 and weak or no reactivity for ERG. In conclusion, strong nuclear ERG immunoreactivity is specific for Ewing sarcomas with EWSR1-ERG rearrangement. In contrast, FLI1 was not specific to rearrangement type, likely because of cross reactivity with the highly homologous Ets DNA-binding domain present in the C-terminus of both ERG and FLI1. Modern Pathology (2012) 25, 1378-1383; doi:10.1038/modpathol.2012.97; published online 6 July 2012
Ewing sarcoma is characterized by a recurrent translocation involving EWSR1 on 22q12. The most frequent partner is FLI1 located on 11q22, occurring in B85% of cases. [1] [2] [3] However, a minority of tumors will harbor a translocation involving EWSR1 and an alternative partner, the most common of which is ERG located on 21q12. [2] [3] [4] These characteristic translocations result in the constitutive expression of an abnormal transcription factor that is critical for Ewing sarcoma tumorigenesis, and is composed of the amino end of EWSR1, a potent transcriptional activator, and the C-terminus of FLI1/ERG that contains the Ets DNA-binding domain. Both FLI1 and ERG belong to the Ets family of transcription factors, which regulate several genes involved in cellular differentiation and growth. 2, 5 Chimeric variants of EWSR1 with other Ets genes, including ETV4 and FEV, have been described but are very rare. 6 Rearrangements of EWSR1 with non-Ets family genes, including NFATc2, POU5F1, SMARCA5, ZSG and SP3, are also rare. 2, [6] [7] [8] ERG is also found to be involved in recurrent translocations in other tumors including prostate carcinoma and some acute myeloid leukemias. Up to 70% of prostate carcinomas harbor a translocation involving ERG and TMPRSS2, a gene located on chromosome 21q22 and encodes for an androgen dependent transmembrane protease. This chimeric protein is believed to be important to prostate carcinogenesis, and is found in the early precursor lesion prostatic intraepithelial neoplasia. Chimeric variants with other Ets family members can exist, and the same tumor can even harbor multiple fusion variants. [9] [10] [11] [12] [13] Translocations and deletions of ERG are also seen in some acute myeloid leukemias and ERG overexpression has been associated with poor prognosis. 14, 15 In addition, ERG is involved in the development of both hematopoietic and endothelial cells. ERG has a critical function in normal hematopoiesis. 16, 17 It is also constitutively expressed in normal endothelial cells and regulates angiogenesis and endothelial apoptosis. [18] [19] [20] Several studies have shown anti-ERG antibody useful for prostate carcinoma, metastatic and primary, and prostatic intraepithelial neoplasias. [10] [11] [12] 21, 22 The detection of ERG is highly correlated with both ERG rearrangement by fluorescence in-situ hybridization and with ERG mRNA overexpression. 10, 12, 21 Similar to FLI1, ERG is also found to be expressed in both benign and malignant vascular tumors serving as a helpful marker for endothelial differentiation. 11, 23, 24 However, anti-ERG antibody use with Ewing sarcoma has not been previously reported.
The purpose of our study was to examine the utility of an anti-ERG antibody-specific for the Cterminus to identify ERG rearrangement in Ewing sarcoma. Given that FLI1 and ERG share significant homology, a comparison with a commercially available FLI1 antibody was also made.
Materials and methods
Thirty-two cases of genetically characterized (fusion transcript known) Ewing sarcoma were selected from the pathology files of The University of Texas MD Anderson Cancer Center, Texas Children's Hospital/ Baylor College of Medicine, Brigham and Women's Hospital and Leiden University Medical Center. Appropriate immunohistochemical studies were performed and all cases were histologically reviewed by experienced sarcoma pathologists. Five-micron thick unstained slides were prepared from formalinfixed paraffin-embedded whole-tissue sections in 19 cases and from a tissue-microarray containing 14 cases. Molecular characterization was previously determined by RT-PCR and verified with sequencing using standard laboratory techniques depending on the institution. 4, 25 The distribution included 22 with EWSR1-FLI1, 8 with EWSR1-ERG and 2 with EWSR1-NFATC2.
Immunohistochemistry was performed following pressure cooker antigen retrieval using a rabbit anti-ERG monoclonal antibody directed against the last 30 amino acids of the C-terminus (1:2000; EPR3864(2); Epitomics), a mouse anti-FLI1 monoclonal antibody raised against a bacterially expressed FLI1 Ets domain fusion protein (1:100; G146-222; BD Biosciences) and the Envision Plus detection system (Dako). The extent of immunoreactivity was graded according to the percentage of positive tumor cell nuclei (0, no staining; 1 þ , o5%; 2 þ , 5-25%; 3 þ , 26-50%; 4 þ , 51-75%; and 5 þ , 76-100%), and the intensity of staining was graded as weak, moderate, or strong.
All cases were handled according the ethical rules of each institution and processed in an anonymous coded fashion.
Results
ERG labeling of tumor nuclei was seen in 7/8 EWSR1-ERG cases (diffuse (5 þ ) moderate to strong), while only 3/24 non-EWR1-ERG cases showed labeling (2-4 þ , weak). See Table 1 
Discussion
To our knowledge, this is the first study to examine the specificity of an anti-ERG antibody in a series of molecularly characterized Ewing Sarcoma. We demonstrate that in Ewing sarcoma the antibody to the C-terminus of Erg is relatively specific (88%) and sensitive (88%) for ERG rearrangement. In our series, diffuse (5 þ ) moderate-to-strong nuclear labeling was present in seven of eight tumors carrying an ERG rearrangement. 21 A comparably high sensitivity (100%) and specificity (85%) was seen in ERG mRNA overexpression and ERG expression in van Leender et al 12 study of 41 prostatic adenocarcinomas. These findings support the high concordance between immunohistochemically detectable ERG expression and the presence of ERG rearrangement as seen in our series of Ewing sarcomas.
Given the prevalence of FLI1 rearrangement and FLI1 overexpression in Ewing sarcoma, an anti-FLI1 antibody can be helpful to distinguish between Ewing sarcoma and some histologically similar small-round cell tumors. However, lymphoblastic lymphomas, melanomas, merkel cell carcinoma, vascular tumors and desmoplastic small-round cell tumor can occasionally label for FLI1 depending on the antibody clone used. 24, [26] [27] [28] Therefore, other immunohistochemical studies and/or molecular confirmation are recommended. Anti-Fli antibody is also well known to stain endothelial cells. 23, 24, 29 In our series, anti-FLI1 antibody labeled the vast majority of our cases regardless of fusion variant, most commonly with a diffuse and moderate to strong labeling pattern. Although diffuse (5 þ ) moderate-to-strong nuclear expression was seen in 18 out of 22 cases with EWSR1-FLI1 rearrangement, five of the seven Ewing sarcomas with EWSR1-ERG also had diffuse (5 þ ) strong expression of FLI1. The overall sensitivity of the anti-FLI1 antibody for EWSR1-FLI1 was 95% and the specificity was 11%. One explanation for the poor specificity is the high probability of cross reactivity with the anti-FLI1 antibody. The anti-FLI1 antibody in our study was developed against bacterially expressed Ets domain of the FLI1 fusion protein. This region is highly conserved among the Ets transcription family members. Both FLI1 and ERG share 68% amino acid identity over their entire peptide sequence and 98% (83/85) amino acids identity in their Ets-binding domains. 2 This antibody may be best considered as useful for the detection of Ets domains with high identity to FLI1, but is still useful within the proper context. In contrast, the anti-ERG antibody clone used in this study was generated against a short peptide, which maps to the last 30 amino acids of human ERG. Although the 87 amino acids adjacent to the Ets domain in Erg are 72% identical to FLI1, ERG only shares 30% of its last 30 residues with FLI1. 30 ( Figure 4 ) Neither antibody labeled tumors with EWSR1-NFATc2 rearrangement well, consistent with the poor sequence identity between these proteins including the lack of an Ets domain in NFATc2.
ERG and FLI are members of the Ets (E-26) family, which contains a highly conserved 85 amino acid winged helix-loop-helix domain that mediates DNA binding to sequences containing a GGAA/T core motif. The combination with EWSR1, which belongs to the TET protein family and contains domains resembling transcription activation domains, results in a strong aberrant transcriptional activator that is overexpressed, as detected in all of our tumors with anti-ERG and anti-FLI1 antibodies. The expression of this fusion protein is thought to have a critical role in both the development and maintenance of the Ewing sarcoma phenotype. Not surprisingly, EWSR1-FLI1 is known to upregulate a variety of genes or likely multiple downstream effector genes, including those involved in proliferation, apoptosis evasion, cell cycle and angiogenesis as well as downregulate others, which likely contribute to tumorigenesis. Given the homology between the two proteins (particularly in the Ets domain), EWSR1-ERG in Ewing sarcoma likely interacts with similar, though not necessarily identical, groups of genes. 2, 5 NFATc2 belongs to the NFAT family of transcription factors, regulating T cell and nerve development, and also recognizes sequences containing a GGAA/T core motif. Therefore, it is postulated that EWSR1-NFATc2 and EWSR1-Ets fusion proteins may also interact with a similar group of genes. 2 Likewise, the behavior in Ewing sarcoma with EWSR1-FLI and EWSR1-ERG are similar. Ginsberg et al 31 found no stastically significant difference in the clinical behavior between 106 patients with EWSR1-FLI1 Ewing sarcoma and 30 patients with EWSR1-ERG Ewing sarcoma. A more recent larger series from the Euro-EWING 99 clinical trial also failed to find any difference in clinical and histological features and outcomes (disease relapse and progression) in 520 patients with EWSR1-FLI1 and 45 patients with EWSR1-ERG. A small increase in progression/relapse was noted in patients with EWSR1-FLI1 non-type 1 or 2 fusions types but was not statistically significant. 25 Regardless of fusion variant and type, Ewing sarcoma chimeric proteins result in an similar phenotype. In prostate carcinoma, the prognostic significance of ERG rearrangement remains debatable with multiple studies demonstrating variable association with outcome. 9 In summary, to our knowledge, this is the first study examining ERG expression in Ewing sarcoma in comparison with FLI1 by immunohistochemical studies. Similar to studies on prostatic carcinomas, antibodies to the C-terminus of ERG are specific for Ewing sarcomas, which harbor a EWSR1-ERG rearrangement. In contrast, FLI1 was not specific to fusion type, likely because of cross-reactivity between the two proteins. Figure 4 Simplified schematic diagram of EWSR1, FLI1, ERG and their fusion proteins in Ewing Sarcoma. The Ets domain is highly conserved between FLI1 and ERG, showing 98% amino acid sequence identity. Anti-FLI1 is generated against the Ets domain of the FLI1 fusion protein and likely cross-reacts with the Ets domain of ERG. In contrast, the anti-ERG antibody is generated against the last few amino acids at the C-terminus of ERG and has less sequence identity (about 30%) with FLI1.
